More stringent environmental regulations as well as higher demands presently being imposed on the sulfur content of natural gas feed-stocks for chemical processes necessitate the development of new analytical procedures for sulfur determination in natural gas. Only analytical procedures based on gas chromatography can meet the sensitivity and accuracy requirements dictated by environmental regulation institutions and modern chemical industry. The complexity of the natural gas matrix as well as the extremely low concentration levels at which the sulfur species occur make the development of these analytical methods a true challenge. In this review the three steps common for analytical methods for trace analysis in complex matrices, be. pretreatment, chromatographic separation, and detection, are discussed in detail. Possible methods for calibration of the system are discussed in the final section.
Introduction
Natural gas is a well estabhshed contnbutor to the world's energy needs At this moment the use of natural gas compnses over 20% of the total energy consumed world-wde Furthermore, natural gas is also an important starting matenal in a number of large-scale production processes in the chermcal industry The presence of sulfur components in natural gas constitutes a source of concern because of the corrosive nature of these components as well as their potential hazards for human health and for the natural envlronment Additionally, if natural gas is used as a reagent in chemical processes, sulfur species present in the gas may adversely affect the performance and hfe-time of catalysts involved in the reaction For the reasons outhned above, the accurate deterrmnation of sulfur components 111 natural gas is of utmost importance The group of components that should be analyzed includes hydrogen sulfide, carbonyl sulfide, the Ci to C4 mercaptans, lower sulfides and odorants, such as for example tetrahydrothiophene (THT), added to the gas to impart a charactenstic smell for safety purposes The concentrations of these components differ, depending on the ongin of the gas In general, the concentrations of sulfur components in natural gas for domestic and industnal use range typically from a few to several tens of parts per milhon on a voIume basis An exception is HzS whch can be present at concentration levels up to one percent [ 11 Standardized methods for the determination of sulfur species in natural gas have been pubhshed by the International Organisation for Standardization (ISO) They can be classified as either conventional techniques ( Wickbold, Lingenerj or modern instrumental techniques (GC-based) IS0 standard 4260 descnbes the Wickbold combustion method, a method for the deterrmnation of the totalsulfur content of natural-and other gases In the Wickbold method the natural gas sample is supphed to the burner of an oxy-hydrogen flame, where the sulfur compounds are burnt w t h a considerable excess of oxygen The resulting sulfur oxldes are converted into sulfunc acid by absorption in a hydrogen peroxide solution Depending on the sulfur content of the sample, the sulfate ions in the absorption solution are deterrmned by colonmetnc nephelometnc, turbidimetric or conductometnc titrations More recently, IS0 standard 6326-5 was pubhshed This standard procedure describes the use of the Lingener combustion method In the Lingener method a given volume of natural gas is burnt with a r at atmospheric pressure in an enclosed combustion apparatus The resulting sulfur oxldes are oxldized to sulfunc acid by absorption in a hydrogen peroxide solution and afterwards titrated with a barium chlonde solution The total sulfur content which can be determined with this measurement method is 10 -1000 mg S/m3 [2] As opposed to the Lingener and the Wickbold method, which both measure the total sulfur content, IS0 method 6326-3 descnbes a potentiometnc method for sulfur determination that only reponds to hydrogen sulfide, mercaptans and carbonyl sulfide In this method hydrogen sulfide and mercaptans are absorbed in a 40% ( d m ) potassium hydroxlde solution, carbonyl sulfide is absorbed downstream in a 5% ( d m ) alcohohc mono ethanolamine solution and afterwards titration of the absorbed hydrogen sulfide, mercaptans and carbonyl sulfide is performed with a silver nitrate solution The concentration range of sulfur compounds whch can be deter-sulfur content (IS0 4260 and IS0 6326-5) or the concentration of different classes of sulfur compounds (IS0 6326-3), no information on the concentrations of the individual sulfur species is obtained. This disadvantage can be overcome by using GC-based methods for sulfur determination. The IS0 standards 6326-2 and 6326-4 descnbe gas chromatographc methods for separation and detection of individual sulfur components in natural gas In IS0 6326-2 hydrogen sulfide, methyl to butyl mercaptans and tetrahydrothophene (THT) are separated on a gas chromatographic system equipped with a separation column containing 30% ( m h ) sbcone oil and 30% ( m h ) dinonyl phthalate on Chromosorb W. The sulfur compounds are subsequently detected with an electrochemical cell, in which they are oxidized by a chromium oxide solution and at the same time the potential difference over the platinum electrodes is measured. The IS0 6236-2 method suffers from two serious disadvantages. Firstly, it is not applicable for the determination of carbonyl sulfide. Furthermore, the chromatographc conditions specified in the method only enable hydrogen sulfide and methylmercaptan to be determined if the ratio of the concentration of the former to the concentration of the latter is less than 10. The same applies for the quantification of two thiols eluted consecutively.
A few of the major hmitations of the IS0 6326-2 method were eliminated in IS0 6326-4. The chromatographc separation of the sulfur components was optimized, resulting in a system that enabled quantification of all major sulfur species in natural gas samples. The components are separated using a temperature programmed 1.2 m x 2 mm column packed with styrene/divinylbenzene porous polymer beads (80 -100 mesh) and measured with a sulfur-selective flame photometric detector (FPD). The detection hmit is approximately 0.1 mg S/m3, which is comparable to the detection limits obtainable by the IS0 standard method 6326-2.
The IS0 methods 6326-2 and 6326-4 yield the concentrations of the indwidual sulfur components in the gas. The total S concentration can then be obtained by summing the equivalent S-weights of the individual components. The chromatographic separation procedure incorporated in IS0 6326-4 provides sufficient separation of all sulfur components. Unfortunately, however, it still has a number of problems, most of which originate from the use of flame photometric detection. The selectivity of the flame photometric detector (FPD) is limited and, although fairly selective, this detector still responds to high concentrations of non-sulfur components. Moreover, high concentrations of hydrocarbons coeluting with a sulfurcontaining component can quench the sulfur signal. Finally, the response of the FPD is inherently non-hear and often also compound dependent. For these reasons, the concentration of the sulfur species to be determined are limited to the range of 0.1-30 mg S/m3. For most present applications, the detection limits and the reliability of the analytical results achievable by GC w t h FPD detection are withm the desired range. More strmgent environmental regulations as well as hgher demands currently being posed on the purity of natural feed-stocks for chemcal processes, however, force analytical chemists to develop new analytical methods that allow the accurate and reliable determination of sulfur in natural gas at concentrations well below the limits currently achievable. The complexity of the natural gas matrix and the extremely low detection limits required render this task extremely challenging. Analytical methods for analyses at trace levels in complex and interfering matrices often require the use of selective preconcentration/enrichment techruques. Only if this step and the subsequent separation and detection are fully optimized, it is possible to meet the required sensitivity limits with an acceptable level of reliability. In the vast majority of applications, the demands posed on each of these three steps is determined by the performance of the other two. If, for example, a universal detector is employed, the requirements imposed on the sample pretreatment and separation are much more stringent than in the case of the use of a truely specific detector.
In subsequent chapters of this revlew each of the three steps of the analytical procedure for the quantification of low concentrations of sulpur components in natural gas, i.e. sample pretreatment, separation and detection, will be discussed in detail. Up tillnow, virtually no attention has been paid in literature to the use of preconcentration techniques in natural gas analysis. On the other hand, various methods for preconcentration of sulfur in samples of enwonmental or medical origin have been published. In general, the principles of these methods are also applicable for trace analysis of sulfur in natural gas. Irrespective of the matrix, the strong tendency of sulfur components to adsorb on various types of surfaces senously complicates preconcentration and analysis of these compounds. In literature, both packed and open-tubular columns have been employed for the separation of sulfur species in a wide variety of samples. In a chapter devoted to the chromatographic separation of sulfur components, the merits of each of these two approaches will be compared. The selection of the detection device is of crucial importance for the performance of the combined set-up. Various detectors will be considered in a separate chapter. As opposed to the three standardized absolute methods for sulfur determination descnbed earlier, GC-based techniques are relative methods and hence require cahbration. Procedures for cahbration wlll be treated in detail in the last chapter. Again, the adsorptive nature of sulfur components constitutes a serious source of concern in preparation and storage of sulfur cahbration mixtures.
Trace Enrichment of Sulfur Components
The determination of trace components in a complex matrix often requires selective enrichment of the components of interest prior to transfer of the sample into the chromatographic system. In this step the target compounds are selectively retained on for example a sohd adsorbent or a cold trap while at the same time the interfering main components are eliminated For the particular case of sulfur determination in natural gas this means a material is required that selectively adsorbs sulfur containing species wthout adsorbing hydrocarbons. techruque for atmospheric sulfur dioxlde (SOz) measurements T h s method uses a bubbler trapping system containing a tetrachloromercurate (11) (HgClz + 2NaC1) solution The analysis is spectrophotometnc, involvlng the dye pararosanihne The West-Gaeke procedure has been successfully used to measure concentrations as low as 5 ppb Axekodet ai [4] used an alternative to the bubbler samphng method, 1 e the use of an impregnated filter contamng the same solution, and were able to determine SO2 in concentrations down to 0 05 ppb Simlarly, H2S 131 was extracted from an by reaction w t h an AgN03 impregnated filter The resulting Ag2S was dissolved in a NaCN solution and analyzed fluorrnetncally by using a very dllute fluorescein mercunc acetate A detection hmit of 5 ppt was reported In both expenments very high collection efficiencies were achieved 92 -95%
For detemnation of H2S and other organosulfur compounds in air Braman et al [6] used preconcentration of the components in a trap filled w t h gold coated glass beads Sulfur compounds and HzS were removed by heating the trap (500 -600 "C for 5 min) and were subsequently separated on a short hquid mtrogen cooled U-trap column and detected by means of a flame photometnc detector (FPD) These authors reported detectionhmts of approximately 0 01 ng or 0 1 ppt for 100 L sample Collection efficiencies of several metal-foils for a larger group of atmospheric sulfur gases were examined by Kagel and Farwell [7] Here the compounds were released by flash desorption and determined by an FPD These authors found Pd and Pt foils to be the best for the preconcentration of the gases of interest The collection efficiencies ranged from 13% for COS on Pt-foil to 45% for H2S on Pd-foil The sulfur gas detectabilitv of this metal foil collection / flash vaDorization / flame breakthrough volume (ca 25 L/g) and released the adsorbed components almost completely dunng the thermal desorption process (1 rmnute at 258 "C) The recovenes were 83 -87% for SO2 and 75 -82% for H2S The GC analysis was carned out on a Teflon column packed w t h Supelpak S Detection using an FPD ylelded detection hmts in the ppb range for both gases For the specific purpose of sulfur detemnation in natural gas the apphcabihty of the non-polar adsorbents such as those studied by Black et a1 appears to be hrmted as these matenals are most hkely not capable of selectively isolating sulfur species from a large excess of hydrocarbons For the simultaneous collection of a larger group of sulfur compounds in au (COS, HzS, methyl mercaptan (MeSH) CS2 dimethyl sulfide (DMS) and dimethyl disulfide (DMDS)) Steudler et a1 [ 101 used a combination of two sohd adsorbents Molecular Sieve 5A for SO2 and H2S and Tenax GC for the others The specially designed adsorption tubes showed a very h g h affinity for the sulfur compounds tested and yelded acceptable recovenes varymg from 50% for DMDS to 75% for COS The recovery efficiencies were found to be a function of the desorption temperature, time and the hehum gas flow rate dunng desorption Because of the long time required for thermal desorption, it was necessary to cryogemcally focus the desorbed sulfur gases in a Teflon loop cooled by hquld nitrogen before inlection onto the GC column The detection hmts achieved were 8 8 -20 pg of S depending on the various sulfur gases (FPD) An interesting observation was that the recovenes appeared to be constant for each sulfur gas within the humdity range studied (30 -95%) Agam the apphcation of a very strong non-selective adsorbent such as Mol Sieve 5A precludes the use of this set-up for selective ennchment of sulfur comDonents from natural sas photometric detection (MC/FV/FPD) approach was less than 50 ppt A similar method of desorption and detection (~/ F P D ) was em- Unfortunately, the long time necessary for complete thermal desorption makes the followng GC analysis more difficult unless a The largest group of collection matenals used for preconcentrating sulfur components are the sohd adsorbents, whch were used both at ambient as well as at subambient temperature (cryogenic trapping) An attractive aspect of the use of sohd adsorbents is their capabihty to be directly coupled to a GC system An effective sohd adsorbent should fulfill the following cnteria (1) high breakthrough volume 2, This means a high capacity for the compounds of interest but as low as possible for other interfering components, (ii) easy to desorb Black et ai [9] tned to collect SO2 and H2S in glass tubes packed with several non-polar adsorbents such as Tenax GC, Carbopak B, Porapak Q or P, Chromosorb 102, Mol Sieve 5A and Mol Sieve 13X They found Molecular Sieve 5A to be the best sohd adsorbent for these sulfur gases at ambient temperature (25 "C) A l l tubes were conditioned pnor to use by heating at a high temperature (200 -250 "C for 10 -12 hours) under mtrogen Ths conditioning step was required for obtaning quantitative recovenes and sharp desorption profiles The selected Molecular Sieve matenal showed the hghest For gaseous samples the unit ppm is defined as 10 molimol, this in contrast to the situation in liquids where one ppm is usually defined as one mg/L This can lead to confusion as some authors incorrectly apply the hquid definition of ppm to gases ' ) Breakthrough volume, defined as the volume of gas that can be passed through an adsorbent before the investigated compound begins to be eluted cryogenic focusing step is employed. For samples consisting of high-boiling components only, Tenax GC may be the adsorbent of choice, because of its high thermal stability and relatively low desorption volumes. These characteristics would allow the sample components to be desorbed more rapidly from Tenax than from other sorbents. Also the sorption of MeSH and DMS on the carbon molecular sieve Carbosphere was investigated. The breakthrough volumes determined were ca. 2900 L/g for both sulfur compounds Hence, this sorbent can be used for preconcentration of MeSH and DMS from samples containing extremely low levels of these contaminants. However, thermal desorption from Carbosphere is very difficult due to strong retention of the different sulfur derivates.
Tangerman et ai. [ 121 and also Przyjazny [ 111 studied the sorption capacities of Tenax GC towards highly volatile sulfur compounds at lower adsorption temperatures. With the goal of measuring volatile sulfur compounds in human breath, Tangennan found that the capacity of the Tenax trap tubes is increased to a large extent by keeping the trap tubes in dry ice (-70 "C) or in liquid nitrogen (-196 "C). T h s was especially the case for hydrogen sulfide adsorption. The minimum amount of sulfur gases that could be detected by gas chromatography employmg a glass column packed with 20% SE-30 on Chromosorb P and an FPD was approxlmately 0.2 ng/L (0.1 ppb). The same technique: cryogenic Tenax trapping (liquld nitrogen, -196 "C), thermal desorption (200 "C) / GC / FPD was later used by the same author [13] to determine simultaneously a large group of volatile sulfur gases HzS, COS CSz, thiols, sulfides, disulfides in ambient a r To prevent build-up of water in the Tenax tube at these low temperatures, the water was pretrapped by passsing the gas through a dessicant (calcium chlonde) which was found not to adsorb any of the sulfur-containing volatiles [ 131 The expenmental recovenes were relatively high (around 92%) and the author could detect volatile sulfur gases in air at the ppt level, although no concrete detection hmits were quoted Problems were only found in the detemnation of SOz Preconcentration of this component onto Tenax at -196 "C followed by GC analysis resulted in a complete loss of this component Probably, in spite of the use of calcium chlonde drymg tubes, traces of water react with SO2 in the Tenax tube or in the GC column, thereby preventing its detection Later, when analyzing low-boiling organic sulfur compounds (MeSH, DMDS, CS2) in anoxic lake-water Henatsch et al. [14] used cryoadsoIption on Tenax tubes followed by analysis on a UCON coated glass capillary column and FPD detection. Due to the sensitivity differences of the FPD for the individual sulfur compounds different detection limits were found, CSz was detectable with a lowest limit of 5 ng/L. The detection limts of MeSH and DMDS were around 50 ng/L. One of the features of this process is that the disturbance of the procedure by excessive amounts of methane also present in the anoxic sample was avoided by using solid carbon dioxide rather than liquid nitrogen to cool the cryotraps. A schematic representation of the instrumentation developed by Henatsch and Jiittneris shown in Figure 1 . The water-trap (part D in Figure  1 ) was constructed by using two 1-mL pipette tips connected end-to-end by silicone tubing. This trap was introduced into the gas line and cooled with solid carbon dioxide. It was shown that the sulfur compounds were not retamed in this trap. Several experiments of cryogenic absorption of sulfur gases on unpacked sorption tubes were also described In these cases, hquid argon [15] , nitrogen [16] , oxygen 1171 were used to cool the deactivated Pyrex glass or Teflon trap tubes Hot water ensured desorption into the chromatographc system Flame photometnc detectors or even mass spectrometers were used to detect the sulfur gases tested at sub ppb concentrations From the hterature study descnbed above, it is clear that several matenals are capable of adsorbing sulfur species with large breakthrough volumes Whether these matenals provlde sufficient sulfurto-hydrocarbon selectivity yet remains to be estabhshed
Chromatographic Separation
The second step in GC-based analytical procedures for the determination of sulfur components in natural gas is the separation of the individual sulfur components. The separation efficiency required depends on both the performance of the selective enrichment step as well as on the selectivity of the detector. If non-sulfur containing species are removed quantitatively in the sample pretreatment step, a separation of the individual sulfur components solely is sufficient The same holds for the case that a truely selective, quenching-free detector is employed. In more reastic cases where both the sample pretreatment and the detection step are not 100% selective, separation of only the individual sulfur species is no longer adequate. Now all sulfur peaks should not only be separated from each other but also from all other components that might perturb measurements. For a successful and complete separation of a mixture covering such a wide range in boiling points as sulfur compounds in natural gas, it is very important to have a suitable column or system of columns for separation. If the separation performance is found to be insufficient due to poor resolution or to a too long analysis time, combination of two or more columns with or without switching valves could be an alternative. Detds of these approaches and an overview of advantages and/or disadvantages of the individual techniques will be reviewed subsequently.
Packed-Column Systems
One of the advantages of packed columns over capillary columns is the high sample capacity of packed systems, which makes it possible to inlect large sample volumes. On the other hand, however, packed columns generally suffer from a low resolving power. For sulfur analysis this means that only a limited number of sulfur gases can be simultaneously separated on a single column. Moreover, there is a serious risk of adsorption losses on the column due to the adsorptive nature of sulfur components on the one hand, and the limited inertness of packed columns on the other hand. As column materials, Teflon or properly deactivated glass are usually the materials of choice due to the activity of volatile sulfur compounds and their strong tendency to adsorb onto glass and/or metal surfaces whch can cause peak tahng and sometimes complete losses of trace sample components. Thus, it is essential to deactivate the glass and metal surfaces of a chromatographic system or to use only Teflon columns and connections to minimize both peak tailing and losses incurred by irreversible adsorption of low concentrations of sulfur-containing compounds.
In the IS0 methods for the GC determination of individual sulfur components in natural gas packed GC columns are used exclusively. IS0 method 6326-2 uses a glass or teflon column packed with two stationary phases. The first two thirds of the column is packed with 40% silicone oil DC 200 on Chromosorb W and the last one third is packed with 40% dinonylphthalate on the same support. The separation strength of this column is limited. Accurate quantification of for example hydrogen sulfide and methylmercaptan is only possible if the ratio of the concentrations of these components is below approximately 10. IS0 method 6326-4 is based on the use of a glass or teflon column packed with 80-100 mesh polystyrene/divinylbenzene porous polymer beads. With this column a good resolution between the components of interest is acheved. Vanous chromatographic columns optimized for the separation of sulfur containing components have been descibed in literature. A short overview of these systems is presented below.
Stevens [ 181 described the use of a 36-feet Teflon column packed with Teflon powder coated with 1% polyphenyl ether and orthophosphoric acid and succeeded in analyzing HzS, SOz and mercaptans at the ppb level using a GC system equipped with an FPD. that a column packed with acetone-washed Porapak QS gave a good separation of HzS and COS and from the work by Burgett [22] , that COS, HzS, and SOz could be determined in the sub-ppm range using a column packed with acetone-washed Porapak coated with 0.5% H3P04. In their own experimental work, Suier and HiUused a Teflon-coated stainless steel column packed with Porapak QS to separate a slightly more complex mixture and improved this procedure by adding a short (3 feet) precolumn packed with Porapak R to acheve adequate separation of HzS and SOz from interfering water. Separation between the COS and the water peak was improved by temperature programmng the column at a slow rate, i.e. subambient initial temperature -65 "C (3 min) to 10 "C at 30"/min, then to 92 "C at 5"/min, then at 30"/min to 170 "C, allowing the COS to elute before the elution of the water began. A thermal conductivity detector was used but no detection hmits were quoted. The separation was relatively slow. The total analysis time was 45 minutes All columns described above could separate only a limited mixture of sulfur compounds. Tailing was frequently observed when trymg to detect other components De Souza [23] tried to resolve this problem by using a special paclung material: Supelpak-S, ie. acetone-washed Porapak QS. This author reported a number of advantages of a column packed with this material: (i) water (present in many fuel gases and also in natural gas) and other highly polar molecules are quickly eluted from the column and do not interfere with the separation of the sulfur gases; (ii) a very short-length (only 48 cm effective length) is required, hence, low inlet pressures are employed; (iii) the column has a high resolving power; (iv) the column can be temperature programmed to as high as 230 "C; (v) no liquid phase is used because the porous nature of the bead paclung serves the function of both the liquid phase and the solid support, hence, column bleeclmg is low; (vi) symmetrical peak shape for SOz; and (mi) the column can separate HzS from COS and all other sulfur gases tested. Typical chromatograms obtained with and without pretreatment of Porapak QS are shown in Figure 2 . . The detection limits range from ppm to ppb and sub-ppb level depending on the detector employed.
In most cases the column material used for sulfur separations was Teflon and/or Teflon coated alumnum or deactivated glass. It is generally stated that the use of bare metal or glass has to be avoided because of the strong tendency of active sulfur compounds to adsorb onto metal and glass surfaces. A notable exception in this respect is Pearson [24] , who concluded contrarily and rejected Teflon in favour of stainless steel when he tried to determine CyC4 mercaptans and sulfides in natural gas According to Pearson, stainless steel columns and connections are much more robust and cause less problems with absorption than Teflon. Pearson could detect 0 1 ppm of tertiary butyl mercaptan and concluded that this technique is specific for sulfur compounds
Capillary-Column Systems
Although several types of packed columns have been used in the gas chromatographic measurements of various sulfur-containing gases at concentrations down to approximately 5 ppm, packed columns are plagued with several disadvantages: (i) large surface areas and concomitant adsorption losses, (ii) a gradual approach to equilibration and the corresponding need to perform a number of "conditioning" injections both before and during the worlung period in order to obtain stable responses; (in) inadequate resolution for certain important compounds in mixtures of sulfur-containing gases (e.g. HzS and COS); (iv) relatively high pressure drops due to the long column length and the low permeability; and (v) considerable potential for hydrocarbon quenching of the FPD's response due to inadequate peak resolution between the sulfur compounds and other organic constituents of the samples. Because of these inherent limitations of packed columns, glass capillary wall-coated open tubular (WCOT) columns were investigated for their potential utility in the GC determination of sulfur-containing gases. , in which they also suggested a procedure to mnimize these water effects by adding a dryer cartridge packed with 5a Molecular Sieve between the carrier gas purifier and the injection valve. Although the use of glass and FSOT capillary columns provides a greater inertness, better peak shapes, lower detection limits, and little or no memory effects, capillary columns also suffer from certain disadvantages. One of those disadvantages is that the volumetnc flow rate of the preconcentration device may be incompatible with that of the capillary column. For example, the 0.5 to 2 mL/min camer gas flow for capillary columns is not compatible m t h the common desorption flow rate of many sohd adsorbent traps. Capillary cryofocusing and cryotrapping techniques are not effective for poorly retained, low k solutes like HzS, COS, and SOz that can break through the capillary cryotrapping or cryofocusing region. Also in the case of atmospheric sampling, microgram amounts of C02 and/or water collected in the preconcentration device can occlude the capillary cryofocusing and cryotrapping region. This causes incomplete analyte transfer and overpressurisation of the column upon injection resulting in losses of analytes due to flash-back of the loop contents into the upstream system and consequent exposure to active surface sites. Another disadvantage of capillary columns is the extreme demands placed on the dead volume and the actual transducing reDon of the detectors. A thrd disadvantage is the low initial oven temperatures, -50" to -70 "C, required to obtain baseline separation between the unretained peak (COz) and the early eluting compounds H2S, COS and SOz on thin film non-polar columns. The necessary subambient initial oven temperature can only be produced by costly and logistically inconvenient cryogenics, such as liquid nitrogen. To overcome these disadvantages and to achieve baseline separation of sulfur gases at ambient temperatures as well as to increase sample throughput by decreasing the elution times, Barinaga and Farwell 1351 explored the use of widebore, thick-film FSOT columns and "phase tuning" to optimize selectivity. Wide-bore, 0.5 mm i.d. FSOT columns have been recommended for certain separations because of their hgher sample capacity and shorter analysis times at higher carrier gas flow rates compared to narrow-bore columns. Likewise, stationary phase films of greater thickness (1 to 8 pm) have been used in special situations for their greater capacity and, as a consequence, greater retention of very volatile compounds. A thck film non-polar column connected to a short length of a more polar column was used to eliminate the necessity of subambient initial oven temperatures while maintaining baseline separation of the commonly occurring sulfur gases. The best results were obtained using a column system consisting of a 30 m x 0.53 mm DB-1, df = 5 pm coupled to a 3 m x 0.53 mm DB WAX, df = 1 pm. This column combination, equipped with a modified FPD I351 to decrease the dead volume and improve the streamhning, and operated in the temperature programmed mode: initial temperature: 30 "C (1.2 min) to 140 "C at 30"lmin can achieve baseline separation of all seven sulfur gases HzS, COS, SOz, MeSH, DMS, CSz, DMDS and COz within a total elution time of less than 5 minutes (Figure 4 ). generated by caplllary columns. Moreover, the use of PLOT columns was found to be highly compatible with mass spectrometry.
Porous
Jacobsson succeeded in determining HzS in liquid and solid samples at sub-pg levels. Similarly, Gaines et al. [37] evaluated the PoraPLOT U FSOT column for determination of the seven common sulfur gases listed above. With a temperature program of: 80 "C (2 min) to 180 "C at 30"/min in combination with an FPD and a sulfur chemiluminescence detector (SCD), they acheved detection hmits in the pgng of S range for the individual sulfur compounds.
However, HzS was very reactive towards the stationary phase and SOz showed some chemical derivatization on the column (Table 1 and Figure 5) . Therefore Monks [39] , on the other hand, acheved complete determination of sulfur components in natural gas by using a multi-packed-column system operated isothermally at 115 "C. A schematic representation of this system is shown in Figure 6 . Separation of sulfur compounds from hydrocarbons is acheved on a main column with a length of 1 m. This column is packed with acetone-washed Porapak PS The bypass column, which is 2 m long packed with acetone-washed Porapak QS, is used to selectively isolate some of the sulfur components during the analysis. A 0.25 m buffer column packed with acetone-washed Porapak QS is placed immediately before the detector to damp pressure surges caused by valve switchmg. A compromise that had to be made with thls system involves the separation of tertiary butyl mercaptan from methyl ethyl sulfide, an indigenous component of natural gas. In order to keep the analysis time as short as possible these components elute together at about 5.3 min. The total analysis time is 15 m n . The detection hmits vary between 0.05 and 70 ppm.
Obbens et al. [40] reported another alternative for the GC analysis of sulfur components in natural gas with a combination of packed and capillary columns installed in two independently, thermostatically controlled, heated compartments. Separation of HzS and SOz was performed on an acetone-washed Porapak QS packed column loaded with 0.5% H3P04 to increase inertness and to prevent tailing of HzS. The separation of THT and other sulfur compounds was acheved on a very thick-film 50% phenyl-methyl silicone phase on a FSOT capillary column. The last two techniques described above have employed an FPD for detection of the eluted sulfur compounds.
From the literature survey presented in this chapter it can be concluded that future research in the area of sulfur separation for natural gas analysis should be directed towards the development of separation systems that enable both a separation of the individual sulfur peaks and, more importantly, separation of sulfur peaks and interfering hydrocarbons. To date, no such system is available.
Detection Systems for GC-Based Sulfur Analysis
One of the malor advantages of gas chromatography is the availabihty of a large number of sensitive umversal as well as selective detectors The combination of the excellent separation capabihty of (caplllary) GC with sensitive selective detection enables the measurement of low concentrations of different components in sample matnces of ever increasing complexity Selective detectors are becomng increasmgly popular in recent years Not only for the fact that they partially ehmnate the need for labonous and time consumng methods for sample preparation, the use of a selective detection device also reduces the risk of false-positive identifications. It is evident that also the separation itself is simplified if selective detectors are employed Selective detection enables target compounds to be measured while other coeluting compounds are not sensed. Important universal detectors are the flame ionization detector (FID) and the thermal conductivity detector (TCD). As these detectors respond to virtually all components amenable to GC, high demands are posed on sample preparation and separation. For non-hydrocarbon compounds containing for example sulfur, nitrogen or phosphorous, a w d e range of selective detectors is available. For the selective detection of sulfur t h s includes the flame photometnc detector (FPD), the sulfur chemiluminescence detector (SCD), atomic emission detector (AED), photo ionization detector (PID), electron capture detector (ECD), mass spectrometric (MS) detection devices and detection techniques based on electrochemical principles such as the Hall electrolytic conductivity detector (HElCD) and coulometric detection devices The basic principles of the various detection systems for GC as well as the hardware requirements are the subject of a series of books and review articles 141-441. An excellent review article of potential gas chromatographic sulfur-sensitive detectors in envlronmental analysis has been published by Wardencki and Zygmunt in 1991 [45] . In the present review only improvements that have been achieved after this date will be discussed. In spite of the fact that most of the sulfur selective detectors are already available for many years, considerable improvements in the performance of especially the FPD and the SCD have been achieved in the last three years.
Improvements in Flame Photometric Detection
The FPD is nowadays the most widely used sulfur-selective detector for GC. Present-day systems are mostly based on the work of Brody and Chaney I461 published some 30 years ago. The FPD is basically a flame emssion photometer. Sulfur compounds, burnt in a hydrogen-nch flame, produce Sz which emits radiation near 400 nm This radiatjon is monitored by a photomultiplier tube. Although the role of Sz as a maip emitter in FPD has not been totally unambiguous [47], the S2 /Sz mechanism is now widely accepted and used to explain the square root dependence of the detector response towards the concentration of sulfur compounds tested. Although rather sensitive, the FPD suffers from a number of inherent problems such as non-linear response; dependence of the response factor on molecular structure; and quenching by hydrocarbons and other species coeluting with the sulfur compounds.
The most serious problem in the practical application of the FPD is the quenching effect. Although the exact cause of quenchmg remains yet to be established, it appears that both the change in the flame temperature as well as in the flame chemistry that occur when large amounts of hydrocarbons are introduced in the flame play a role. Various instrumental changes to reduce the susceptibitity of the FPD for quenching have been proposed in hterature. Patterson et al. 1481 developed the dual flame photometric detector. In this detector components eluting from the GC colymn are burnt in a hydrogen nch first flame. In a second flame S2 species emit light which is than measured on the photomultiplier tube. As all components are burnt in the first flame, the flame chemistry of the second flame is much less affected by coelution of sulfur and non-sulfur contaimng components. As aresult of this the dual-flamemode FPD resists quenching and is more truly quadratic in response Unfortunately, however, the sensitivity of the dual flame FPD is only approximately 10% to 20% of that of the single flame version [49] . Moreover, dual flame operation enhances hydrocarbon response. The selectivity of sulfur versus carbon of the dual flame FPD is only lo3 to lo4 as opposed to a selectivity of lo5 to lo6 for the single flame FPD [50]. Because the poor selectivity of the dual flame FPD (D-FPD) the analysis of individual S compounds in a complex hydrocarbon mixture is complicated by the simultaneous hydrocarbon response. A method to overcome t h s difficulty has been published by Baiget al. [SO] . In the method designed by these authors the effluent of the column is split into two streams. One stream is fed to the D-FPD, the second to an FID. Next, the FID signal is subtracted from the D-FPD signal which results in a simplified chromatogram as the hydrocarbon response is eliminated.
A fully chromatographic approach for eliminating quenchng of the FPD was described by Efer et al. [51] . These authors used a seriescoupled system of two capillary columns with different polarities to achieve selectivity tuning. By varylng the mid-point pressure settings overlap of sulfur-containing and sulfur free components could be controlled, resulting in quenching free chromatograms or at least chromatograms that contain quenching free regions. Eferalso applied this set-up for detailed studies of the magnitude of the quenching effect. When studying the degree of quenching of ethylthiophene by nonane, it was found that a ten-fold excess of the quenching compound was required to obtain a significant signal reduction. The relationshp between signal reduction and the concentration of the quenching component was found to be non-linear. or CS2 to linearize the detector output The difficulty with t h s procedure is that the dynamic range is reduced and the linear output is dependent on the dopant and the solute. Sevcik and Phuong Thao [56] have evaluated the selectivity of the FPD and suggested that the unsuitable geometry of the interference filters resulted in interference from hydrocarbons and heteroatoms. They found that the selectivity of the detector improved with respect to hydrocarbon and heteroatom interference when the flame output was cohmated. Aue et al. improved the sulfur selectivity by about one to three orders of magnitude by using a dual-channel FPD, which annulled the response of carbon or other elements by differential operation; or by having the CONDAC ("conditional access" or "conditional acceptance") algorithm deny unwanted elements access to the chromatogram [57] . remaned hidden for so long In the 600 -850 nm region the sulfur chemilurmnescence is a first order process and varies if at all by a factor of less than two in elemental response (sulfur equivalency) among several structurally diverse compounds A h e a r response was measured for a band at ca 750 nm (where the spectrum has its global maximum) as well as for the wider 600 to 850 nm range (with a longpass filter) The detection hrmt measured in the "hnear sulfur mode is 2 x mol S/s and its hnear range spans four orders of magnitude The detection hmt could be improved further by using capillary columns and temperature programmed operation The authors [ 591 beheves that the emtter of this spectrum IS HSO (2A' -2A" electron transition) 1601 The HSO 0 1 band shows up clearly at 749 nm The 0,O and 1,1 bands occur at 696 and 711 nm The 2 0 1,0 and 0 2 bands at 634 663 and 809 nm appear to be present as well ( Figure 9 ) Some other advantages of the hnear FPD have been emphasized (I) the response of hydrocarbons is generally negative thereby provlding a quantitative distinction between compounds that contam sulfur and those that contain only carbon and hydro gen, (ii) only a minor dependence of the response of sulfur on the compound structure, (iii) prehrmnary expenments indicate that the h e a r sulfur mode suffers significantly less from quenching by co-eluting hydrocarbons than does the quadratic mode Overall the new hnear mode appears to be supenour over the conventional quadratic one, and it appears competitive w t h other methodologies of organosulfur detection On the other hand the authors have also emphasised that the range of compounds tested in this study is hmted (only seven) and that the present conclusion should reman open to future re evaluation Driscolland Berger [61] developed an FPD which employs rare-earth glass filters, improvlng the sensitivity by ehminating angular de-Journal of High Resolution Chromatography VOL. 17, JUNE 1994 pendence, which occurs with interference filters At the same time, the detector sensitivlty is improved by a factor of 2 -3 omng to simultaneous detection of the vanous Sz* emssion hnes A very interesting and highly promising development in the field of flame photometnc detection was pubhshed by Chesks et a i [62] in 1993 Cheslas descnbed a novel gas chromatographc detector based on the flame photometnc pnnciple the Pulsed-Flame Photometer The pulsed-flame photometnc detector (P-FPD) is based on a flame source and a combustible gas flow rate that cannot sustain continuous-flame operation Thus, the ignited flame propagates back to the combustible gas mixture source and is self-termnated after the combustible gas rmxture is burnt The continuous 1 P gas flow creates additional ignitions in a periodic fashon. A schematic diagram of the P-FPD is shown in Figure 10 .
Similar studies by
The main feature that characterizes the P-FPD is the pulsed-nature of the emitted light. Time domain information is added to the heteroatom specific emission with time dependent ermssion being observed (e.g. Figure 11 ). The main advantages of the P-FPD include improved detection sensitivity for S and P, much hgher selectivlty against hydrocarbon molecules, lower gas consumption, reduced emission quenching, additional temporal information, and the ability to detect selectively other heteroatoms such as nitrogen or the simultaneous detection of S and C. The minimum detection levels achieved are 2 x g S/s, 1 x g P/s, 5 x 10-l' g N/s, and 6 x g U s . The sulfur concentration dependence of the P-FPD is quadratic and its response is independent of the structure of the sulfwcontaining molecules (linear factor n = 2.00 k 0.03). A comparison between the commercial double-flame photometer and the pulsed FPD is shown in Figure 12 . 
Improvements in Sulfur Chemiluminescence Detection
In contrast to the flame photometnc detector which has already been commercially avalable for over 25 years, the sulfur chemlumnescence detector (SCD) only became avallable some six years ago In the SCD sulfur contamng components are converted to SO by means of a reducing flame or a furnace-based converter Currently, two designs which differ in the way the SO converter is set-up are available In the flame-based system a ceramic samphng probe and a vacuum system is used to collect the gases from the flame of an FID SO is then sensitively detected based on an ozone-indu2ed chemilumnescence reaction to form electronically excited SO2 which relaxes by ermssion of hght in the wavelength range of 280 -420 nm The SCD can be coupled to the flame housing of a flame ionization detector (FID) and hence is compatible with most existing GC instruments Apart from the SCD signal of the sulfur components also an FID signal is obtaned, although the settings of both hydrogen and an are well outside optimum Recently, a new version of the SCD became commercially available In t h s instrument conversion of the sulfur components to SO no longer takes place in the FID flame The instrument contams an enclosed flame converter In the absence of the FIE the need for manual adlustment of the position of the ceramic tip in the FID flame is ehrmnated which greatly simphfies operation The sensitivlty of the new version of the SCD is clamed to be five to 10 times higher 1491
Mass Spectrometric Detection of Sulfur Compounds
The combination of gas chromatography with mass spectrometric detection is an extremely powerful tool in the analysis of unknown samples Mass spectrometnc detection offers a selectivlty unsurpassed by any of the other selective detection devlces Whereas selective detectors such as those descnbed above only reveal the presence of a certain hetero-atom, the mass spectrometer gives detaled information on the vanous structural groups present in a molecule Among the vanous ionization modes available especially electron ionization and chemcal ionization have gamed widespread acceptance The combination of these two iomzation modes with detection of either positive or negative ions results in four basic operational modes showng substantially different sensitivlties towards different types of components
Headley [63] used a bench-top GUMS system in the electron ionization mode to detect organosulfur compounds in environmental samples, e.g., industrial effluents, surface waters, sediment and fish samples. The electron-impact ion source was used with the electron energy set up at 70 eV. The mass range was 45 -450 amu and the scan rate was 1 s-'. Positive ion detection was employed. The compounds were detected in the approximate concentration range from 0.1 to 2000 ppb. Bandy et al.
[15] developed an accurate technique for the determination of ppt levels of atmospheric CSz. High accuracy and immunity to analyte losses were achieved by using 1zC34S2 as an internal standard and by performing the analysis by GC/quadrupole MS. High sensitivity was achieved by careful tuning of the GUMS and preconcentration of the CSz on a Carbosieve B adsorbent. Data acquisition was carried out in the multiple ion detection mode of the INCOS data system (Finnigan Instruments, Sunnyvale, CA). Mass windows of 75.75 amu to 76.25 amu and 79.75 amu to 80.25 amu were monitored for 0.2 s each. Parent ions of 1zC32Sz and 1zC34Sz, respectively, could be monitored in these windows. Optimization studies showed that an electron energy of 30 eV produced the best compromise between signal and background.
Giuze et al.
[64] used GC/quadrupole MS to analyze sulfur compounds in gasoline. Specific detection of sulfur species could be achieved by using the quadrupole analyzer in the chemical ionization mode with ammonia as the reagent gas with detection of negative ions. The authors concluded that the selectivity gained by using the negative ion chemical ionization mode (NICI) was h g h enough to selectively detect sulfur components on low resolution quadrupole mass spectrometers, even without preliminary separation of the samples.
In low resolution MS, chemical iomzation using ammonia as the reactant gas increases the selectivity In this ionization mode, the mass spectra obtained are farly simple The pseudomolecular ion as the base peak is charactenstic Unfortunately mercaptans have very low molecular weights It is hence necessary to start mass acquisition below 34 amu, the molecular weight of HzS With positive ion detection the reactant gas produces a considerable background noise in the low mass range On the other hand w t h negative ion detection, no background noise occurs in the low mass range resulting in an improved sensitivlty for sulfur compounds [64] Mass spectra obtained with positive CI are very sirmlar to EI ionization, unhke negative CI whch is totally different from it [64] The high electron affinity and the low background noise level in the low mass range render negative ion-CI the most suitable ionization technique for GUMS analyses of volatile sulfur compounds
In high resolution mass spectrometry the principle is to measure only the CHS' fragment which is one of the fragments from R-SH compounds At mass 45, there are at least 7 other species that could interfere with CHS' at low mass resolution Only CHS' , and components eluting from the GC column are completely decomposed. When the decomposition products leave the hot region of the plasma they react rapidly with the reactant gas to produce thermodynamically stable neutral molecules. The mass spectra of selected neutral molecules identify and quantify the elements of interest. In the case of sulfur compounds with HC1 as reactant gas, sulfur predomnantly (>95%) produced SC1 at m/z 67 and 69 and detection at m/z67 was completely selective for sulfur ( Figure 13) . Detection limits as low as 30 pg of a sulfur-containing compound and a dynamic range of two orders of magnitude were achieved.
The high specificity of the GUMS technique in sulfur analysis was also proved in a large series of other experiments, particularly in the determination of sulfur containing compounds in gas and oil fractions of local petroleum industry, e.g. the analysis of thophenes in gas condensates of the Urtabulak field of Uzbehstan (66,671, the study of the composition of sulfur compounds of Lyalrmkar and Kokaity petroleums [68] , and the analysis of organosulfur compounds of petroleums of the Ural-Volga region (69,701. Mass spectrometers have also been used in comparative studies of different detection methods (71,721
Other Detection Systems for Sulfur Analysis
Apart from the FPD, SCD and MS also other sulfur selective detectors have been employed in the determnation of sulfur compounds in various matrices The basic pnnciples and apphcations of these detection systems have recently been reviewed by War-den& and Zygmund [45] A companson of the m a n charactenstics of the different sulfur selective detection systems is presented in Table 2   Table 2 Basic characteristics of various sulfur selective detectors. GC based analytical methods are relative methods of determnation which means that they require cahbration, 1 e the relationship between detector signal and mass or concentration injected has to be estabhshed experimentally The simplest way to cahbrate an analytical instrument is to pass a sample contaning the species of interest at a known concentration through the instrument and relate the instrument response to concentration. This simple description of the calibration process ignores the real problems which are generally encountered in the cahbration process. These problems can be divided roughly into two areas [78]:
Detector
1) Preparation of the standards 2) Assignment of concentration and uncertainty to the composition of the standard.
In this chapter various methods for the preparation of calibration standards are described. Special attention will be p a d to methods for the preparation of cahbration mixtures for sulfur analysis Due to the adsorptive nature of sulfur components extreme care should be taken in both preparation of the standards as well in storage
The most common procedure for calibration in quantitative instrumental analysis is the use of so-called calibration graphs (791. In the one point cahbration graph, one sample of known concentration is analysed in the analytical instrument under the same conditions as those subsequently used for the real samples. Next, a c&bration line is constructed by drawing a straight line through the origin and the experimental point. For the two point calibration graph or for multiple linear calibration, the analyst takes a senes of samples in which the concentration of the analyte is known It is essential that the cahbration standards cover the entire range of concentrations required in the subsequent analyses. The concentrations of the test samples are normally determined by interpolation and not by extrapolation. Furthermore, it is important to include the value of a "blank" sample in the cahbration curve. The blank contains no deliberately added analyte, but does contain the same solvents, reagents, etc. as the other test samples and is subjected to exactly the same sequence of analytical procedures Non-linear cahbration graphs can be used in situations where the relationshp between the detector signal and the concentration or mass of compounds of interest is clearly non-linear. Particularly common is the situation where the cahbration plot is linear (or approximately so) at low analyte concentrations, but becomes curved at higher analyte levels In other cases, e.g. classical FPD signal vs concentration plots, it is obviously curved at all concentrations. For a more detailed discussion of the mathematics involved in linear and non-linear cahbration the reader is reffered to the excellent textbook written by J C. Miller and J N Miller [79] .
Methods for Preparing Standard Mixtures in Natural Gas Analysis
For the construction of the cahbration graph, standards of accurately known concentrations are needed. A number of methods for the preparation of calibration gases for gas analysis are described by the IS0 organisation. These methods can be roughly classified as static or dynamic. Static methods involve preparing and storing the mixture in a closed vessel, for example a cylinder, flask or plastic bag. The sample volume is thus limted to that of the container. Cylinders must be used to store mixtures at high pressures. Static systems are preferred when comparatively small volumes of mixtures are required at moderately high concentration levels, but losses of components by adsorption on the vessel walls may occur. Dynamic systems generate a continuous flow of rmxture and can produce large volumes, with lower surface losses, owing to an equilibnum between the walls and the flowing gas stream time, length, etc ) than t h s mixture is a so-called pnmary cahbration gas mixture If a pnmary cahbration gas mixture is used for estabhshmg the composition of another cahbration gas mixture this last mixture is a so-called secondary cahbration gas mixture
The best claimed accuracies of the standardized methods referredto in Figure 14 are summanzed in Table 3 [80] One of the requrements of the analytical procedures in which the cahbration gas rmxtures are apphed, is that the composition of the natural gas to be analyzed and that of the cahbration gas mxture should have a close resemblance In practice this means that a gravimetric preparation method should be used to prepare cahbration gas mixtures With the gravimetnc method it is possible to prepare compositions very close to the desired composition The precision of t h s gravimetric preparation method has been evaluated I811 The following errors have to be taken into account when calculating the final composition of a cahbration gas mxture prepared using this method 1) Systematic errors which are inherent to the procedures used The use of different lots of reagent gases, different weights of gases, different operators and even different balances helps to reduce systematic errors ansing in the process A systematic error in the procedure however, can only be recognized by companson of the standards to standards prepared by a totally different method or by analysis using an absolute method The difference between the two methods of preparation, or the method of preparation and the method of analysis should be less than the statistically predictable difference based on all of the observed random errors 2) Impunties in the pure gases This error can be accounted for by carefully analyzing the pure gases and tahng into account these impunties when calculating the final composition of the cahbration gas mixtures
3) Weighing errors Koningand van Rossum found that the uncertainty in the concentration of methane of a gravimetrically prepared seven component cahbration gas mxture caused by weighing errors can be as low as 1 6 x % [81] For this particular cahbration gas mxture the total weighing error is 2 0 x lo4 % 4) Inaccuracy in the relative molecular masses Large vanation can occur in nature in the 13C/12C ratio of methane This causes the molecular weight of methane to vary by 7 5 x % depending on the ongm of the methane For the seven-component cahbration gas mixture referred to above the total error caused by the uncertainty in the relative molecular masses is 8 2 x 10 % Surprisingly the inaccuracy in the relative molecular masses seems to be the largest error in the grammetric preparation method of multi-component cahbration gas rmxtures
Finally the conclusion can be drawn that in a two hter high pressure gas cyhnder, multi-component cahbration gas mixtures can be prepared by a gravimetnc method with a total error smaller than 0 01 mol% (total uncertainty of less than 0 5% relative [78]) In this conclusion the systematic errors of the gravimetnc preparation method have not been taken into account In practice this certainly means that the total error will be larger depending on how correctly the preparation procedures will be followed
Calibration Mixtures for Sulfur Components
In general, volatile sulfur compounds are very active, highly toxic and odorous. Furthermore, the analysis of sulfur components is only of importance for a limited number of companies. For these reasons calibration mixtures of sulfur compounds have never been "commercialized", t h s in contrast to the hydrocarbon cahbration gas mixtures described above. There are several methods for the preparation of sulfur calibration gas mixtures for use in laboratory expenments.
The choice of the materials coming into contact with the sulfur species is very important due to the reactivity of sulfur gases.
Stability tests were conducted by Bishop et al. [82] on natural gas with high concentrations of sulfur components stored in teflon, rubber, polyethylene, polypropylene and stainless steel containers.
The following results were achieved. Mercaptans stored in all systems except teflon and stainless steel suffered severe dissipation within two hours. Mercaptans stored in teflon containers experienced less than 20% dissipation in 14 to 18 hours. In steel cyhnders the mercaptans were found to dissipate substantially within the first day, with a very strong dissipation probably within the first few hours. Based on these results, the long-term storage of sulfur containing gases is apparently not feasible [82] The single rigid chamber is a simple, easy to use mixing device A known amount of the compound of interest is introduced into a single rigd chamber of known dimensions. A magnetic stirrer or a similar device is used for homogeneous mixing The concentration of the standard mixture produced is gven by equation 1.
V, volume of sample withdrawn
Tangerman et a1 [12] prepared gaseous standards for daly cahbration in 15-mL glass sample vlals Ethylmercaptan, DMS, and DMDS were inlected into these vlals as hquids (10 pL of each), whde HzS ured to an accuracy greater than +1 mL/min; therefore, in order to keep the error arising from flow measurements below ca. +3% the contents of the exponential dilution flask were never diluted by more than a factor of 20.
Diffusion systems such as the one descnbed in Figure 15b (831, are useful and simple demces for prepanng rmxtures of volatiles and moderately volatile vapors in a gas stream The method is based on the constant diffusion of a vapor through a tube of accurately known dimensions, produang a gas phase concentration descnbed by equation (3) The exponential dilution flask suffers from a number of principal problems such as losses by surface adsorption, mechmcal wear of the mixing device, and the &fficulty of accurately measuring the initial sample concentration. However, it is capable of provihng adequate accuracy and precision for most of the analytical applications involving readily volatilized substances. Very low gas phase concentrations can be prepared by mixing the output from the flask with diluent gas.
De Souza [23] diluted standard high purity gases in both glass bottles or exponential flasks coated with Siliclad in order to passivate the flask towards the reactive sulfur gases. Nitrogen was used as the dilution gas. Standard mixtures of sulfur compounds in COz at ppb levels were prepared by Rck [25] using the exponential blution apparatus. This apparatus consists of a 1.2 L glass flask with a large Teflon-coated magnetic stirrer bar which was rotated at maximum speed. Initial dilutions of the sulfur compounds were made up in glass vessels fitted with an injection septum and a magnetic stirrer in order to give concentrations in the range of 250 to 1000 ppm. Diluted samples were then injected into the COz stream flowing into the exponential dilution flask to gve concentrations between 50 and 1000 ppm By using various initial concentrations the efficiency of the mixing process was checked and found to be satisfactory. However, the COz flow rate could not be meas- Permeation tube devices are now very popular for generating standard vapor concentrations. The permeation tube contans a volatile liquid sealed in an inert permeable membrane, usually Teflon or a fluorinated copolymer of ethylene and propylene, through which the test compound diffuses at a fixed rate. The driving force behind the process is the difference in partial pressures between the inner and outer walls of the tubes This depends on the dissolution of the vapor in the membrane, the rate of diffusion through the membrane wall, and the rate at whch the vapor is removed from the outer surface of the membrane. The mass permeation rate per unit tube length can be expressed by equation (4) [83], assuming that the membrane is in contact with the gaseous phase only.
G=-730 PM
(4) G: mass permeation rate in yg/min per cm of tube length P permeation constant for the vapor through the membrane in cm3 M molecular weight of the vapor PI: gas pressure inside the tube, mm Hg dz : outside diameter of the tube di: inside diameter of the tube For samples with a low vapor pressure at room temperature, elevated temperatures are used to raise the permeation rates and to yeld desirable concentration values. Gases or vapors with a high membrane permeability require devices other than the standard single-walled tubes, e.g. multiple-walled tubes, microbottles, or permeation wafer devices to veld reasonable lifetimes. Commercially available permeation tubes have lifetimes of several months and provide a simple and inexpensive method of calibration for laboratories interested in determining only a few substances, or for those who need to perform measurements infrequently.
For the analysis of sulfur gases by gas chromatography, permeation devices offer an economical alternative to compressed gas standards. Moreover, the use of these devices offers a safety advantage in the handhng of toxlc sulfur gases whle rmmmzing the chemcal reactimty inherent to sulfide and mercaptan compounds [84] Permeation demces are commercially available through a number of manufacturers and cover the concentration range of ppb to percent levels An international standardized method for the preparation of cahbration gas rmxtures by the permeation method is avalable IS0 6349 -Gas Analysis -Preparation of cahbration gas mxtures -Permeation method The concentration C of the cahbration gas mxture so prepared is a function of the diffusion rate of the tube and the flow rate of the complementary gas It is gwen by the formula (5) Qm permeation rate in pg/mn qv sweeping flow rate in m3/mn Some examples of permeation tubes and permeation apparatus made 1~1 different laboratones are gven in Figures 16 and 17 The use of a thermostatic demce is essential to control the temperature of the bath to withn 0 1 "C because the tube diffusion rate may double at an increase in temperature of approxlmately 7 "C The accuracy of the concentration obtamed depends on the knowledge of two parameters the diffusion rate of the permeation tube and the flow rate of the complementary gas In general it is vvlthin 5% The permeation rates are usually cahbrated gravimetrically [85,861 Pnmary cahbration of a hquid-filled tube can be obtained by collecting weight data (losses) over a penod of days, weeks, or months Between weighing, the tube should be stored in a chamber maintaned at a constant temperature (k0 1 "C) and at low humdity (sihca gel desiccant) Common dilution gases are air [4,10,351, argon [7] , helium I161 and nitrogen [24, 26] which of course should be free of sulfur.
De Souza et al. [87] developed a calibration system for measuring the total reduced sulfur and sulfur dioxide concentrations in ambient air. The system is based on the use of permeation tubes coupled with an exponentional dilution flask. Reproducible cahbration curves (log-log scale) were obtained for the concentration range of 1 to 100, 0.3 to 5, and 0.1 to 1 ppb SOz with f5% relative error for eight determinations. However, only the cahbration curve for the 0.3 to 5-ppb range was straight, whde that of the 1 to 100-ppb range showed a slight deviation at the lower end and that for the 0 1 to 1.0-ppb range showed slight curvature throughout. For the calibration of six individual sulfur compounds, straight-line log-log cahbration curves from 5 to 100 ng were obtained with slopes of 2.15, 1.87, 1.06,2.26, 1.71, and 1.14 for HzS, COS, SOz, CH3SH, DMS, and DMDS, respectively. The low slope values for SO2 and DMDS could be due to the very active nature of SOz and the heavy nature of the DMDS; hence partial losses in the paclang material of the sample preconcentrator might occur.
The G-Cal tube 1841 is a commercially available permeation device which possesses sufficient thermal stability to permit usage without thermostatic control. The G-Cal device exhibits a 1-3%/K change in permeation rate near ambient temperatures. To generate multi-component gas standards the permeation tubes could be hooked in series. The analyses of cdbration mxtures containing 0.87 ppm of DMS and 1.30 ppm of methyl mercaptan represent a percent demation of 2%, which is typically within the error limits expected from conventional permeation devices [86] .
From the literature study described in this chapter it can be concluded that for the accurate cahbration during the analysis of volatile sulfur compounds permeation tubes or diffusion devices are the best choice. However, for the "gross" determnation of these components, when the demand posed on the accuracy is not so critical, a simple single rigid chamber is satisfactonly as well In general, the use of gravimetrically prepared cahbration gas mixtures yelds a better repetabhty and accuracy than these devices. For the particular case of sulfur components, however, it appears that t h s conclusion is no longer vahd. The strong adsorptivity of sulfur components give rise to adsorption losses and hence, calibration errors unless special precaution e.g. Teflon passivation of the inner wall are taken. With higher boiling sulfur compounds such as ethylmercaptan and its higher homologes calibration solutions can be made in for example hexane. These mxtures should be stored in a refrigerator.
Conclusion
The detemnation of sulfur contaning components in natural gas is a typical example of trace analysis in a complex and interfering matnx Gas chromatography has proven to be an extremely useful techruque for this difficult analytical problem In order to obtain the maxlmum possible performance, each of the three steps of the analytical procedure, I e sample preparation separation, and detection has to be carefully optimzed and fine-tuned to meet the requirements of the other two steps of the procedure In t h s respect the choice of the detector plays a key role Despite tremendous progress in the field of especially flame photometnc and sulfur chemlurmnescence detection, at present no detector is avalable that promdes the selectivity and sensitivity required to keep pace m t h the ever more stnngent demands currently being imposed on sulfur detection hmts and analytical accuracy Optimzed chromatographc separations have to be incorporated in the analytical procedure Due to their high resolving power capillary columns are to be prefered over the classical packed columns The sensitimty of the analytical system can be improved by preconcentration of the sulfur components on a suitable sohd adsorbent pnor to transfer of the sample on to the chromatographic column Polar adsorbents appear highly promising as these matenals could promde selective ennchment of the components of interest For cahbration of GCbased analytical techniques for sulfur deterrmnation in natural gas dynarmcally generated cahbration standards appear to be more rehable than statically prepared standards Adsorption losses which are unavoidable in static cahbration, are sigmficantly lower or often even fully absent in dynamic system such as permeation or diffusion devlces
